Investigations into the biochemical processes and regulatory mechanisms of nitrogen (N) utilization can aid in understanding how N is used efficiently in plants. This report describes a deficiency in N utilization in an Arabidopsis (Arabidopsis thaliana) transfer DNA insertion mutant of the mitochondrial folylpolyglutamate synthetase gene DFC, which catalyzes the conjugation of glutamate residues to the tetrahydrofolate during folate synthesis. The mutant seedlings displayed several metabolic changes that are typical of plant responses to low-N stress, including increased levels of starch and anthocyanin synthesis as well as decreased levels of soluble protein and free amino acid, as compared with those in wild-type seedlings when external N was sufficient. More striking changes were observed when dfc seedlings were grown under N-limited conditions, including shorter primary roots, fewer lateral roots, higher levels of glycine and carbon-N ratios, and lower N content than those in wild-type seedlings. Gene expression studies in mutant seedlings revealed altered transcript levels of several genes involved in folate biosynthesis and N metabolism. The biochemical and metabolic changes also suggested that N assimilation is drastically perturbed due to a loss of DFC function. The observation that elevated CO 2 partly rescued the dfc phenotypes suggests that the alterations in N metabolism in dfc may be mainly due to a defect in photorespiration. These results indicate that DFC is required for N utilization in Arabidopsis and provide new insight into a potential interaction between folate and N metabolism. Nitrogen (N) is an essential macronutrient for plants and a major limiting factor for crop growth (Diaz et al., 2006) . Investigations into the biochemical processes and regulatory mechanisms of N utilization can aid in understanding how N is used efficiently in plants. Low inorganic N results in numerous perturbations in plant metabolism, such as decreases in nitrate (NO 3 2
Investigations into the biochemical processes and regulatory mechanisms of nitrogen (N) utilization can aid in understanding how N is used efficiently in plants. This report describes a deficiency in N utilization in an Arabidopsis (Arabidopsis thaliana) transfer DNA insertion mutant of the mitochondrial folylpolyglutamate synthetase gene DFC, which catalyzes the conjugation of glutamate residues to the tetrahydrofolate during folate synthesis. The mutant seedlings displayed several metabolic changes that are typical of plant responses to low-N stress, including increased levels of starch and anthocyanin synthesis as well as decreased levels of soluble protein and free amino acid, as compared with those in wild-type seedlings when external N was sufficient. More striking changes were observed when dfc seedlings were grown under N-limited conditions, including shorter primary roots, fewer lateral roots, higher levels of glycine and carbon-N ratios, and lower N content than those in wild-type seedlings. Gene expression studies in mutant seedlings revealed altered transcript levels of several genes involved in folate biosynthesis and N metabolism. The biochemical and metabolic changes also suggested that N assimilation is drastically perturbed due to a loss of DFC function. The observation that elevated CO 2 partly rescued the dfc phenotypes suggests that the alterations in N metabolism in dfc may be mainly due to a defect in photorespiration. These results indicate that DFC is required for N utilization in Arabidopsis and provide new insight into a potential interaction between folate and N metabolism. Nitrogen (N) is an essential macronutrient for plants and a major limiting factor for crop growth (Diaz et al., 2006) . Investigations into the biochemical processes and regulatory mechanisms of N utilization can aid in understanding how N is used efficiently in plants. Low inorganic N results in numerous perturbations in plant metabolism, such as decreases in nitrate (NO 3 2 ), Gln, malate, and fumarate content, a decrease in the Gln-Glu ratio, reduced nitrate reductase and phosphoenolpyruvate carboxylase activities, higher Gln synthetase and Glu dehydrogenase activities, and a greater concentration of starch in leaf rosettes (Diaz et al., 2008; Lemaître et al., 2008 ). An imbalance between carbon (C) fixation and N assimilation caused by N limitation leads to exogenous senescence-triggering factors that facilitate systematic N remobilization Tschoep et al., 2009 ). Seedling-stage responses to low-N stress are particularly striking .
In recent years, considerable effort has been exerted toward understanding the molecular mechanisms underlying N uptake and utilization as well as adaptations to low-N conditions in plants. For example, nitrate transporters and genes downstream of N nutrient receptors are affected by low N and have been identified in analyses of root system architecture (Zhang and Forde, 1998; Gan et al., 2005; Krouk et al., 2006; Remans et al., 2006; Vidal and Gutiérrez, 2008; Ho et al., 2009; Hu et al., 2009; Vert and Chory, 2009; Vidal et al., 2010) . Additionally, the expression of many other genes involved in various biological processes, including glutamate receptor1.1, E3 ubiquitin ligase, nodule inception-like protein, and even micro-RNAs, are altered during adaptation to N-limited conditions (Kang and Turano, 2003; Peng et al., 2007b; Castaings et al., 2009; Pant et al., 2009; Zheng, 2009 ). Quantitative trait locus mapping has identified several genetic loci involved in response to low-N stress (Loudet et al., 2003; Diaz et al., 2006) . Additionally, genomics-based approaches have been used to characterize global plant responses to N limitation. The data thus generated suggest that many genes involved in photosynthesis, chlorophyll synthesis, plastidic protein synthesis, secondary metabolism, RNA synthesis and processing, amino acid activation, and protein synthesis are either repressed or induced under N deprivation (Scheible et al., 2004; Bi et al., 2007; Peng et al., 2007a; Gutiérrez et al., 2008) .
N metabolism during early seedling establishment is critical for plants to become N-and C-autotrophic seedlings (Gaufichon et al., 2010) . These processes are accompanied by many distinct metabolic, cellular, and physiological changes (Boyes et al., 2001; Andre and Benning, 2007) . Folate synthesis also plays an important role during the transition from heterotrophic to photoautotrophic growth during seedling development (Jabrin et al., 2003) . Folate is synthesized preferentially in highly dividing tissues and in photosynthetic leaves during seedling organ differentiation. For example, folate accumulates in pea (Pisum sativum) cotyledons and embryos during seed germination, and the initial folate content even supports root elongation during the first 1 to 2 d in the presence of sulfanilamide, an inhibitor of folate biosynthesis (Gambonnet et al., 2001) .
Much progress has been made toward understanding the biochemistry of plant enzymes that are involved in folate biosynthesis and turnover, and consequently, the biosynthetic pathway of folates in plants has been constructed (Blancquaert et al., 2010; Hanson and Gregory, 2011) . But few reports provided genetic evidence of the in planta functions of these folate biosynthesis enzymes during seed and seedling development Ishikawa et al., 2003; Mehrshahi et al., 2010; Srivastava et al., 2011) . For example, Arabidopsis (Arabidopsis thaliana) DIHYDROFOLATE SYNTHETASE FOLYLPOLYGLUTAMATE SYNTHETASE (DHFS-FPGS) HOMOLOG A (DFA) is a single-copy gene that encodes a functional mitochondrial matrix-localized dihydrofolate synthetase, which catalyzes the addition of the first glutamyl side chain to dihydropteroate to form dihydrofolate, and the globular arrest1 mutant, which carries a DFA mutation, exhibits defective embryo development Ishikawa et al., 2003) . Glu residues are attached to folate molecules via the catalytic activity of FPGS, which is specified by three FPGS genes in Arabidopsis, DHFS-FPGS HOMOLOG B (DFB), DHFS-FPGS HOMOLOG C (DFC), and DHFS-FPGS HOMOLOG D (DFD), which encode the plastidic, mitochondrial, and cytosolic isoforms, respectively Mehrshahi et al., 2010) . Different double-mutant combinations of the Arabidopsis FPGS isoforms are known to result in dramatic developmental abnormalities, including embryo lethality, seedling lethality, late flowering, and dwarf plants with various reproductive defects (Mehrshahi et al., 2010) . In addition, the dfb mutant has a short primary root with a disorganized quiescent center, suggesting DFB as the predominant FPGS isoform that generates the physiologically active folate cofactors required to sustain postembryonic root growth in developing Arabidopsis seedlings (Srivastava et al., 2011) . Taken together, the above findings suggest that variations in folylpolyglutamate derivatives are vital for Arabidopsis seedling development.
Folate derivatives are tripartite molecules containing pteridine, r-aminobenzoate, and Glu moieties with a short g-linked chain of glutamyl residues attached to the first Glu (Cossins, 2000) . In plants, folylpolyglutamate derivatives are central cofactors in folatedependent enzymes, including those essential for photorespiration (glycine decarboxylase [GDC] and serine hydroxymethyltransferase [SHMT]), Met synthetase (the rate-limiting step of methyl donor synthesis), and magnesium-protoporphyrin IX methyltransferase, which is required for chlorophyll synthesis (Besson et al., 1993; Rebeille et al., 1994; Ravanel et al., 2004; Van Wilder et al., 2009 ). Among these folate-dependent reactions, the photorespiratory GDC/SHMT reaction leads to an important production of ammonium (NH 4 + ) that must be either reassimilated or lost to the atmosphere, and photorespiratory NH 4 + production by Gly oxidative decarboxylation exceeds the primary NO 3 2 reduction in vegetative leaves in C3 plants by about 10-fold . These findings indicate that N utilization and photorespiration are closely associated. Additionally, photorespiration is inhibited in Arabidopsis under N-limited conditions (Bi et al., 2007; Tschoep et al., 2009) ; elevated CO 2 also inhibits photorespiration in Arabidopsis and decreases NO 3 2 absorption and assimilation (Rachmilevitch et al., 2004; Bloom et al., 2010) . Thus, whether and how folylpolyglutamates are involved in these processes should be explored.
In this report, an Arabidopsis mutant carrying a T-DNA insertion in the gene (DFC) encoding mitochondrial FPGS is characterized for its altered N metabolism and enhanced phenotype under low-N stress. Also, elevated CO 2 levels partly rescued the dfc mutant phenotypes. These results suggest that the alteration in N metabolism in the dfc mutant is likely mainly due to a defect in photorespiration and that an intact folate biosynthesis pathway is required for N utilization during early seedling development.
RESULTS

Isolation and Characterization of the dfc Mutant
To understand the role of FPGS in plant growth and development, a transfer DNA (T-DNA) line with an insertion in exon 15 of the mitochondrial FPGS gene DFC (At3g10160) was obtained from the Arabidopsis Biological Resource Center (Ohio State University) and named dfc (Supplemental Fig. S1A ). DFC transcripts could not be detected in dfc plants with primers either ahead of or spanning the T-DNA insertion site (Supplemental Fig. S1B ). No significant differences in growth, development, or fertility were observed between wild-type and dfc plants in soil (Supplemental Fig. S1 , C-E), which was consistent with a previous report that vegetative phenotypes of the fpgs2 (i.e. dfc) mutant do not differ visually from those of wild-type plants (Mehrshahi et al., 2010) .
Developmental Responses to N Supply in dfc Seedlings
Because dfc showed no striking morphological differences from wild-type plants under normal growth conditions, we grew the mutant under various nutrientdeficient conditions to examine its response to nutrient stress. The concentrations of supplementary C and N are expressed in millimolar; 1 mM Suc and 1 mM NO 3 2 are designated 1 C and 1 N, respectively.
First, we examined if sulfur or phosphorus deficiency affected dfc development. When seedlings were grown on one-half-strength Murashige and Skoog (MS) medium in the absence of sulfur or phosphorus, the primary root length of dfc and wild-type seedlings was similar (Supplemental Fig. S2A ). Similarly, no differences under various C conditions were observed (Supplemental Fig. S2B ). However, primary root elongation in dfc and the wild type responded differently to the various external N concentrations when 30 C was chosen for all subsequent experiments. For example, the difference in primary root length between dfc and wild-type seedlings became evident (0.24 6 0.05 cm for mutant versus 0.58 6 0.08 cm for the wild type) on day 3 when 0.3 N was supplemented in the medium (Fig. 1, A and B ) and remained at 3 N, albeit somewhat attenuated ( Fig. 1A) . However, the difference was no longer observed when NO 3 2 was increased to 9.4 N (Fig. 1, A and B ). Therefore, in subsequent experiments, 0.3 N was regarded as an N-limited condition and 9.4 N was considered an N-sufficient condition. To determine whether the difference in primary root length was caused by a delay in primary root emergence in the mutant, seed germination was investigated in dfc and the wild type under both N conditions (Supplemental Fig. S2C ). Only a subtle difference was observed between dfc and the wild type under both N conditions. For example, 26.7% to 30.2% of the dfc seeds had germinated after 24 h, which was one-half the number of germinated wild-type seeds, but all of the germination percentages exceeded 90% after 36 h (Supplemental Fig. S2C ).
Subsequently, we investigated some other developmental responses of dfc seedlings under both N conditions. Cotyledon growth is closely related to the N response in Arabidopsis . Wild-type and dfc seedlings had a similar cotyledon size under N-sufficient conditions, but the mutant cotyledon width was approximately 60% of that of the wild type before day 6 under N-limited conditions (Fig. 1C ). Even though cotyledon width was similar between dfc and the wild type on day 9, dfc cotyledons were paler than those of the wild type ( Fig. 1D ). Lateral root initiation is a determinant of plant root architecture and a secondary effect of overall N starvation (Malamy and Ryan, 2001) . Similar to the case in cotyledons, a drastic reduction in lateral root initiation in the dfc mutant was observed under N-limited conditions as compared with the wild type, whereas only a slight difference was observed under N-sufficient conditions ( Fig. 1E ). Differences in biomass were also observed in wild-type and dfc seedlings. Low-N-induced reductions in fresh weight and dry weight were observed in both wild-type and dfc seedlings ( Fig. 1F ). On the 9.4 N medium, the fresh weight of the dfc mutant was approximately 70% that of the wild type, and it was less than one-half that of the wild type on the 0.3 N medium on days 6 and 9 ( Fig. 1F , top panel). A similar pattern was observed in dry weight (Fig. 1F, bottom panel) .
A complementation experiment was performed to confirm that the observed dfc phenotypes were due to the disruption of the DFC gene. A plasmid containing the DFC genomic fragment was introduced into dfc plants (Supplemental Fig. S2D ). DFC transcripts were observed in the transformed plants and were of the same size and abundance as those in wild-type plants (Supplemental Fig. S2E ). These results indicate that DFC transcription was restored in the complemented plants. Additionally, the DFC complementation transformants were always similar to the wild type in terms of primary root length, cotyledon width, lateral root initiation, fresh weight, and dry weight under both conditions ( Fig. 1) . These observations indicate that the dfc mutation could have a detrimental effect on seedling growth under N-sufficient conditions and that N limitation exaggerated these differences.
To determine the stages at which low-N stress has the greatest effects on dfc seedling development, the maladjustment time window in the mutant was investigated by removing N from the medium at various time points after sowing. The difference in primary root length between dfc and the wild type was highly significant (P , 0.01) only in seedlings grown on one-half-strength MS for 0 to 4 d. When N deprivation was applied on day 5, no significant difference was observed ( Fig. 2A ). In further time-course experiments, up to 4-d-old dfc seedlings grown on one-half-strength MS arrested root elongation under the N deprivation treatment compared with that in the wild type, whereas this phenomenon was not observed in the dfc mutant if N deprivation began on day 5 (Fig. 2B ). The responses of seedlings to N limitation seemed to fall within a narrow window of developmental sensitivity. Primary root growth rates from days 3 to 6 and from days 6 to 9 were calculated to further characterize the development of mutant seedlings under N-limited conditions. There was no difference in the growth rates of the wild type and dfc when grown under N-sufficient conditions, whereas the growth rate in dfc was only one-half the rate of the wild type under N-limited conditions (Fig. 2C ). These results indicate that intact folate synthesis is required at early seedling stages, especially under N limitation.
N Metabolism Was Perturbed in the dfc Mutant
Given that dfc seedlings showed enhanced morphological changes under low-N stress, C and N metabolite seedlings. A, Effects of different NO 3 2 levels (0, 0.3, 3, and 9.4 N) on the primary root length with 30 mM Suc in the medium and NO 3 2 as the sole N source. B, Wild-type (WT), dfc, and DFC complementation (pDFC::DFC) seedlings grown on 0.3 or 9.4 N medium for 3, 6, and 9 d. C, Cotyledon width of wild-type, dfc, and DFC complementation seedlings grown on 0.3 or 9.4 N medium. D, Cotyledon and leaves of wild-type and dfc seedlings grown on 0.3 or 9.4 N medium for 3, 6, and 9 d. E, Lateral root initiation events of wild-type, dfc, and DFC complementation seedlings grown on 0.3 or 9.4 N medium for 5, 7, and 9 d. F, Fresh weight and dry weight per plant of wild-type, dfc, and DFC complementation seedlings grown on 0.3 or 9.4 N medium for 3, 6, levels were determined in the mutant to evaluate the perturbation of N metabolism. N limitation led to extra accumulation of starch, anthocyanin, Glc, Fru, and a higher C-N ratio as well as a decrease in soluble protein, NH 4 + , NO 3 2 , chlorophyll, and N content in wild-type seedlings (Fig. 3 ). Under N-sufficient conditions, dfc seedlings had higher levels of starch and anthocyanin but lower levels of Glc, Fru, soluble protein, and NH 4 + than did the wild type ( Fig. 3 , A-F). All these differences between dfc and the wild type remained under N-limited conditions, although these parameters/metabolites were either up-regulated or down-regulated, and additional NH 4 + accumulation was detected in the dfc (Fig. 3F ). dfc and the wild type had similar chlorophyll levels, N contents, and C-N ratios under N-sufficient conditions but not under low-N stress (Fig. 3 , G-I). The NO 3 2 concentrations in both wild-type and dfc seedlings under N-limited conditions were approximately 1.7% of those under N-sufficient conditions, without obvious differences between the two genotypes (data not shown). Additionally, the soluble protein in dfc seeds was only 32% of that in the wild type (Supplemental Fig. S2F ). These results suggest that the mutant seedlings exhibited altered N metabolite profiles even under N-sufficient conditions, most of which were further enhanced under N-limited conditions.
Next, we determined whether the expression of N metabolism-related genes was also affected in dfc. The relative comparison revealed that transcript levels of the genes involved in nitrate reduction (NITRATE REDUC-TASE1 [NIA1], NIA2, and NITRITE REDUCTASE [NIR]) and N assimilation (NADH-DEPENDENT GLUTAMATE SYNTHASE1 [GLT1], FERREDOXIN-DEPENDENT GLUTAMATE SYNTHASE1 [Fd-GOGAT GLU1], GLU-TAMINE SYNTHETASE1.1 [GS1.1], and GS2) were similar between dfc and the wild type under both N conditions and that low N caused slight decreases in transcript levels of most of these genes in both genotypes, with the exception of GS1.1 (Fig. 4A ). However, genes involved in nitrate uptake and root system architecture were differentially expressed in dfc and the wild type during the early stage of seedling development, with the control treatment (9.4 N in wild-type seedlings) on day 4. The mutation in DFC consistently led to an increase in NITRATE TRANSPORTER2.1 (NRT2.1) expression and a decrease in ARABIDOPSIS NITRATE REGULATED1 (ANR1) expression under both N conditions, whereas an increase in NRT1.1 expression was only observed under N-limited conditions on days 4 and 6 ( Fig. 4B ).
Levels of proteins involved in nitrate reduction and assimilation in dfc and the wild type were evaluated using the corresponding antibodies. The analyzed proteins included nitrate reductase (NR), GOGAT, a cytosolic form of glutamine synthetase (GS1), and a chloroplastic form of glutamine synthetase (GS2). NR and GS2 protein contents were similar under both N conditions in wildtype seedlings; ferredoxin-dependent GOGAT, GS1, and GS2 levels were lower under N-limited compared with N-sufficient conditions. However, no obvious difference in protein distribution was observed between dfc and the wild type, with the exception of GS1, which was lower in the mutant on the 9.4 N medium (Fig. 5A ).
Nitrate assimilation in dfc and the wild type grown under both N conditions was evaluated by analyzing NR, nitrite reductase (NiR), GOGAT, and glutamine synthetase (GS) activities. Maximum NR activity (NRmax) determines the total amount of functional NR, and NR activation activity (NRact) is assumed to reflect the actual nitrate reduction enzyme activity (Kaiser et al., 2000) . Both NRmax and NRact decreased significantly under N-limited conditions but were similar between the wild type and dfc ( Fig. 5B ). NiR and GOGAT activities were slightly higher in the mutant than in the wild type under both N conditions (Fig. 5, C and D) . No obvious difference in GS activity was observed between dfc and the wild type under N-sufficient conditions; however, significantly lower GS activity (P , 0.05) was detected in the mutant compared with the wild type under N-limited conditions (Fig. 5E ). Taken together, these results indicate that N metabolism was perturbed in the dfc mutant.
Altered Amino Acid Profiling in the dfc Mutant Free amino acids are the key point between N assimilation and protein synthesis (Kant et al., 2011) . Therefore, free amino acid content was determined in the seeds and seedlings of dfc and the wild type. Overall, a similar amount of total free amino acids was detected in both seeds, which were collected from plants in N-sufficient soil. High levels of Gln and Leu and low levels of Glu, Asp, and Arg were detected in the mutant seeds compared with those of the wild type ( Supplemental Table S1 ), implying altered N utilization during the formation of dfc seeds.
In N-sufficient seedlings, the total of all free amino acids in the dfc was only 69% of that in the wild type ( Fig 6A; Supplemental Table S2 ). Over one-half of the detected individual amino acids, such as Glu, Gln, Asp, Asn, Trp, and Met, were accumulated less in dfc than in the wild type; for Gly, the level was 2.6-fold that in the wild type ( Fig 6B; Supplemental Table S2 ). Most strikingly, in dfc, Asn and Met were around onefourth the levels in the wild type ( Fig 6B; Supplemental  Table S2 ). Even though the Gln-Glu ratio in dfc (0.63) was slightly higher than that in the wild type (0.55), the presence of fewer major N-storage amino acids indicated that N utilization was impaired in dfc. Low N stress led to a decrease in total free amino acids in wildtype seedlings but not in dfc ( Fig 6A; Supplemental Table  S2 ). Most of the individual amino acid contents decreased in the wild type, whereas some showed different changes in dfc ( Supplemental Table S2 ). First, there were similar amounts of Gln under both N conditions, and the level in the mutant was always 63% of that in the wild type. Second, Glu, Asp, and Ala in the mutant decreased to less than one-half the level under N-sufficient conditions, whereas more did in the wild type. Thus, there were similar amounts of Glu and Ala in dfc and the wild type under N limitation. Third, most of the individual amino acids increased by 1.4-to 2.5-fold in the mutant compared with N-sufficient conditions, including Ser, Asn, Trp, Leu, and Met, whereas levels in the wild type did not change very much. As a result, amounts of Trp, Leu, Arg, and His in dfc and the wild type were similar. Ser and Met increased 1.5-fold, and Asn was 77% of that in the wild type under N-limited conditions. Fourth, Gly content in the mutant under N-limited conditions increased 5-fold compared with N-sufficient conditions and was 11-fold greater than that observed in the wild type under N-limited conditions (Fig. 6 , B and C; Supplemental Table S2 ). Therefore, the indicator of photorespiration (Gly-Ser ratio) in the mutant differed significantly from that in the wild type under both N conditions: the Gly-Ser ratio increased from 0.50 (N-sufficient conditions) to 1.42 (N-limited conditions) in dfc, whereas it increased only slightly, from 0.16 to 0.19, in the wild type. These results imply that Gly oxidation may be impaired, in addition to the altered N utilization, in dfc under N-limited conditions.
Folate Metabolism Was Disturbed in the dfc Mutant
We investigated how folate metabolism was disturbed in the dfc mutant at both the transcriptional and metabolic levels.
We were interested in determining whether the dfc mutation had altered the expression of genes involved in folate biosynthesis and how these genes responded to low-N stress. First, transcript levels of the genes encoding DHFS (DFA) and FPGS (DFB, DFC, and DFD) were analyzed at different time points and normalized to the UBC gene. The DFB transcript level was the highest in 2-d-old germinating seeds, and the DFA transcript level was the highest in 9-d-old seedlings under both N conditions. The expression levels of DFA, DFB, and DFC were lower under N-limited conditions than under N-sufficient conditions (Fig. 7 , A and B). Interestingly, a significant increase in DFB expression (P , 0.05) was observed in 2-d-old mutant seeds germinating under N limitation as compared with the wild type, but this increase was not observed in 9-d-old mutant seedlings (Fig. 7, A and B) . These results indicate that DFC and DFB play a role during Figure 2 . The maladjustment time window in the dfc mutant (black bars) compared with that in wild-type (white bars) seedlings, and the growth rates of those seedlings on 0.3 or 9.4 N medium. A, Primary root length of wild-type and dfc seedlings grown on the 0.3 N medium for 2 d after transfer from one-half-strength (1/2) MS medium on different days (0-5). B, Primary root length of wild-type and dfc seedlings on day 7 from the start of incubation. Both types of seedlings were grown on one-half-strength MS medium for 0 to 7 d and then transferred onto the 0.3 N medium for the remaining time (7-0 d). C, Primary root growth rates of wild-type and dfc seedlings from days 3 to 6 and from days 6 to 9 on 0.3 or 9.4 N medium. Data are means 6 SD (n = 4), and each replicate consisted of a pool of 10 to15 plants. Black bars with single asterisks indicate significant differences at P , 0.05, and those with double asterisks indicate highly significant differences at P , 0.01 (Student's t test).
the early seedling morphogenesis stage and that the latter could somehow compensate for a loss of DFC function when the dfc mutant was under low-N stress. Second, the other genes involved in folate synthesis were analyzed relative to those in the wild type under sufficient N supply. Most of the genes, such as genes encoding aminodeoxychorismate lyase (ADCL), aminodeoxychorismate synthase (ADCS), and GTP cyclohydrolase I (GTPCHI), showed similar expression patterns in dfc and the wild type under both N conditions, and low N levels reduced the transcript levels in both dfc and wild-type seedlings (Fig. 7C ). DIHYDROFOLATE REDUCTASE (DHFR) was an exception, as it was expressed at a higher level in dfc than in the wild type under N-sufficient conditions and at a lower level than the wild type under N-limited conditions. DHFR expression increased in wild-type seedlings under low-N stress, which was also in contrast to the other genes ( Fig. 7C) .
Because one-carbon (C1) unit transfer reactions are mediated by folates, we examined whether the expression of genes responsible for the synthesis of C1 units was altered in the dfc mutant. No significant changes in expression were observed in most of the studied genes in low-nitrate-treated wild-type seedlings, except for 10-formyl-tetrahydrofolate synthetase (THFS), which was down-regulated ( Fig. 7D) . These results indicate that N limitation has little impact on the expression of most genes that are essential for C1 unit synthesis at the transcriptional level. The expression of some genes was affected by the dfc mutation. For example, THFS expression was down-regulated in dfc under both N conditions, and METHYLENETETRAHYDROFOLATE REDUCTASE2 (MTHFR2) and cytosolic METHIO-NINE SYNTHASE2 (MS2) were up-regulated in dfc under N limitation ( Fig. 7D) .
Liquid chromatography-tandem mass spectroscopy (LC-MS) was used to profile total folate and various folate types. As expected, no differences in amounts and types of folate were observed between wild-type and DFC complementation seedlings under both N conditions, and there were significant reductions (P , 0.05) in 5-methyl-tetrahydrofolate (5-M-THF) and 5fromyl-tetrahydrofolate (5-F-THF) in dfc, to levels that were about one-half those in the wild type ( Fig. 8A ; Supplemental Table S3 ). The percentage of each folate species was similar between dfc and the wild type under both N conditions ( Supplemental Table S3 ), which implies that the ratio of different folate species was not affected by the external N supply or the dfc mutation.
Next, we determined whether the folate poly-Glu profile changed because of either low-N stress or the dfc mutation using LC-MS with different extraction methods and liquid chromatography conditions. Due to technical limitations, only compounds with standards can be quantitatively determined by LC-MS, and we obtained 5-M-THF-Glu n and 5-F-THF-Glu n (n = 1-4) from Schircks Laboratories. Thus, poly-Glu profiles of 5-M-THF and 5-F-THF with 1-, 2-, 3-, and 4-Glu tails were measured, and the results are shown as percentages of the sum of Glu 1 + Glu 2 + Glu 3 + Glu 4 ( Fig. 8B ; Supplemental Table S4 ). Because we did not obtain standards for 5-M-THF and 5-F-THF with 5-, 7-, or 8-Glu tails, these were analyzed using the predicted mass-to-charge ratio (m/z), and their peak areas were obtained and normalized to the wild type under the same conditions (Fig. 8C ). The percentages of folylpolyglutamates with 1-, 2-, 3-, and 4-Glu tails in dfc responded to low-N stress in a manner similar to that of the wild type, with marked decreases in 5-M-THF-Glu 1 and 5-F-THF-Glu 1 and dramatic increases in 5-M-THF-Glu 3 and 5-F-THF-Glu 3 being detected in both genotypes as compared with N-sufficient conditions ( Fig. 8B, right panel) . When N was sufficient, the percentages of 5-M-THF-Glu 1 and 5-F-THF-Glu 1 in dfc were higher than those in the wild type, and the percentages of those molecules with 2-, 3-, and 4-Glu tails decreased in the mutant, except for 5-M-THF-Glu 3 and 5-F-THF-Glu 4 (Fig. 8B , left panel). The relative peak areas of folylpolyglutamates with 5-, 7-, or 8-Glu tails were consistently lower in dfc than in the wild type; 5-F-THF-Glu 5 was significantly lower and 5-M-THF-Glu 8 was hardly detected in the dfc mutant when grown with a sufficient N supply (Fig. 8C ). These results indicate that polyglutamylation levels of these two types of folates were significantly reduced due to the dfc mutation when N was sufficient. But under N-limited conditions, the differences in 5-M-THF-Glu 1 and 5-F-THF-Glu 1 between dfc and the wild type were no longer observed, and the relative 5-M-THF-Glu 8 and 5-F-THF-Glu 8 peak areas in dfc were somewhat higher than those in the wild type (Fig. 8, B and C). These results suggest that polyglutamylation levels of 5-M-THF and 5-F-THF may be unrelated to the phenotypes observed in dfc. However, it remains to be determined whether the polyglutamylation patterns of as yet uncharacterized species are associated with these phenotypes.
Elevated CO 2 Partly Rescued the dfc Phenotype A CO 2 concentration lower than the CO 2 compensation point or strong light stimulates photorespiration (hence the Gly-to-Ser flux rate in mitochondria), whereas a high CO 2 concentration (4,000 mmol mol 21 ), which is a nonphotorespiration condition, suppresses photorespiration (Goyer et al., 2005) . Photorespiration mutants can often be rescued under elevated CO 2 concentrations (Ogren, 1984) . Given the obvious link between folate and Gly metabolism and the observation that Gly and Ser were the most affected amino acids in the dfc under N-limited conditions (Fig. 8, B and C), the potential role of photorespiration in the mutant was evaluated, especially under the low-N condition.
First, we investigated the morphological changes in the mutant under N-limited conditions when elevated CO 2 was applied. dfc primary root length was about 45% of that in the wild type under N-limited conditions with ambient CO 2 (Figs. 1A and 9A ). When grown on the 0.3 N medium supplied with a high CO 2 concentration (4,000 mmol mol 21 ), three genotypes of seedlings (i.e. the wild type, dfc, and DFC complementation) developed similar morphologies with respect to primary root length, cotyledon size, and cotyledon greening (Fig. 9, A and B) . We next examined free amino acids in the elevated-CO 2 -treated dfc and wild-type seedlings. Under N-sufficient conditions, the total free amino acid content was significantly lower in the mutant than in the wild type with ambient CO 2 , and elevated CO 2 treatment conferred a similar level of total amino acids (and similar levels for most individual amino acids) between dfc and the wild type (Figs. 6A and 9C; Supplemental Table S5 ). However, differing from the elevated CO 2 -treated root and N assimilation in 9-d-old seedlings. The transcript level of each gene is normalized to that in the wild type on the 9.4 N medium. B, Fold change in expression of NRT1.1, NRT2.1, and ANR1 on days 4, 6, and 9. The transcript level of each gene is normalized to that of the wild type grown on the 9.4 N medium on day 4.
phenotype observed in dfc under N-limited conditions, a greater degree of change in amino acids was observed between dfc and the wild type; levels not only of the major N-storage amino acids such as Glu, Gln, Asp, and Asn but also of Gly and Ser decreased dramatically, and total free amino acid levels in dfc were lower in the mutant than in the wild type (Figs. 6C and 9, C and E; Supplemental Table S5 ). It was also evident that elevated CO 2 resulted in a significant reduction in total free amino acids regardless of external N availability (Figs. 6A and 9C; Supplemental Table  S5 ). Additionally, there were no obvious differences in two indicators in the high-CO 2 -treated wild-type seedlings between N-sufficient and N-limited conditions (0.30 at 9.4 N and 0.34 at 0.3 N for Gly-Ser ratio; 2.22 under sufficient N and 2.57 under N limitation for Gln-Glu ratio), whereas in the mutant, the Gly-Ser ratio had increased from 0.57 to 0.75 and the Gln-Glu ratio had decreased from 3.17 to 1.20 due to the low-N stress. These results suggest that intact folate synthesis is required for N utilization under nonphotorespiration conditions. The polyglutamylation profiles of 5-M-THF and 5-F-THF in elevated-CO 2 -treated seedlings were also analyzed. Compared with responses to low-N stress with ambient air, dramatic increases in the percentages of 5-M-THF-Glu 3 and 5-F-THF-Glu 3 and marked decreases in the percentages of 5-M-THF-Glu 1 and 5-F-THF-Glu 1 were also observed in both dfc and the wild type with elevated CO 2 . These results indicate that the responses of these two types of folate to low-N stress in dfc were not affected by the CO 2 concentration (Fig. 9F) . However, the polyglutamylation levels in elevated-CO 2 -treated dfc and wild-type seedlings differed from seedlings with ambient air. Profile differences in the percentages of 5-M-THF-Glu 1 or 5-F-THF-Glu 1 were no longer observed between dfc and the wild type when N was sufficient ( Fig.  9F , left panel; Supplemental Table S4 ). Under N-limited conditions with elevated CO 2 , the percentage of dfc 5-M-THF-Glu 1 was significantly higher (P , 0.05) and that of dfc 5-F-THF-Glu 1 was significantly lower (P , 0.05) than in the wild type ( Fig. 9F , right panel; Supplemental Table  S4 ). These results suggest that polyglutamylation levels of 5-M-THF and 5-F-THF responded in similar ways to low-N stress but that the levels changed to a different extent in dfc and the wild type with elevated-CO 2 treatment (Fig.  9F) . However, the polyglutamylation levels of these two types of folate may not be related to the recovery of the dfc phenotype under N limitation with elevated CO 2 .
DISCUSSION
We investigated novel links between folate and N metabolism using the T-DNA insertion mutant of the mitochondrial DFC gene. We showed that the dfc mutant had defects in N utilization and that low-N stress enhanced the alteration causing the obvious phenotypes during early seedling development. In addition, the observation that elevated CO 2 could partly rescue the dfc phenotype under N-limited conditions implied a defect in the photorespiratory system in the mutant.
Low NO 3 2 Enhanced the Alteration in N Utilization in the dfc Mutant N availability affects root growth, and 0.1 to 0.6 mM N conditions limit growth . Low inorganic N typically results in the accumulation of starch and anthocyanin, decreased levels of soluble protein and chlorophyll, and large decreases in Gln and Asn (Fig. 3 ; Stitt and Krapp, 1999; Peng et al., 2007b; Tschoep et al., 2009) . A similar metabolite profile was observed in dfc even under N-sufficient conditions (Figs. 3 and 6; Supplemental Table S2 ). This indicates that the dfc mutant likely already suffered from internal N starvation despite the sufficient external N supply. Normally, the internal N pools of amino acids such as Gln in plants may indicate N status by providing a signal that regulates nitrate uptake by plants (Miller et al., 2008) . The NRT2.1 transcript level is decreased by the direct application of amino acids to the roots of barley (Hordeum vulgare) and Arabidopsis and is inversely correlated with Glu and Gln concentrations in plants (Zhuo et al., 1999; Vidmar et al., 2000) . The higher level of NRT2.1 expression in dfc under both N conditions implied that the internal Gln concentration was lower than that in the wild type, which was confirmed by the free amino acid analysis (Figs. 4B and 6; Supplemental Table S2 ). Additionally, a lower level of soluble protein and some variations in individual amino acids were observed in mutant seeds obtained from the soil (Supplemental Fig. S2F ). Together with the slight delay in germination, the metabolic data suggest an altered N utilization during the formation of dfc seeds and that the impaired N utilization, at least in part, results in the phenotype that is observed under N limitation ( Fig. 1; Supplemental Fig.  S2C ). Under N-limited conditions, the accumulated NH 4 + , lower N content and GS activity, higher C-N ratio, fewer major N storage amino acids, and accumulated Gly in dfc as compared with the wild type were indicative of an enhanced alteration in N utilization (Figs. 3, 5E , and 6C; Supplemental Table S2 ). The responses of free amino acids to low-N stress reveal an alteration in N utilization in the dfc, because most of the individual amino acids responded differently from those in the wild type (Fig. 6 , B and C; Supplemental  Table S2 ). However, it is unlikely that N sensing or signaling was blocked in dfc, as it responded to low-N stress to the same extent as the wild type, although there were some differences between the mutant and the wild type in terms of absolute C-N metabolite contents and the transcript abundance of most of the genes (Figs. 3, 4, and 6 ). Two genes are involved in the transcriptional regulation of lateral root growth under different N supply: NRT2.1 and ANR1 (Zhang and Forde, 1998; Little et al., 2005) . The NRT2.1 transcript accumulates in nitrate-deprived plants, and ANR1 plays a role as a feedback regulator of lateral root growth rates based on the N status of the plant (Vidmar et al., 2000; Orsel et al., 2002; Gan et al., 2005) . In our study, higher NRT2.1 expression levels and lower ANR1 expression levels that were not N dependent were observed in dfc, but dfc lateral root growth decreased significantly under N-limited conditions, indicating that the root phenotype is not due to the altered expression of ANR1 and NRT2.1. This also implies that intact folate synthesis is required for NRT2.1-and ANR1-regulated signaling mechanisms that govern lateral root formation.
The dfc responses to low-N stress were also different from those of N-sensing or N-signaling mutants, such as chl1-5, lin1, nla, and nlp7 (Tsay et al., 1993; Little et al., 2005; Peng et al., 2007b; Castaings et al., 2009 ). First, dfc seedling development was more retarded than that of the wild type, particularly at the early stage, and the difference between dfc and the wild type only occurred during a limited developmental window ( Figs. 1 and 2) . Second, the root growth rate of the dfc mutant was only one-half that of the wild type under N-limited conditions (Fig. 2C) . Third, NRT1.1 is normally involved in local signaling of the external NO 3 2 concentration (Gojon et al., 2011) , and NO 3 2 stimulates primary root growth mediated by NRT1.1 (Krouk et al., 2010) . A significantly higher NRT1.1 transcript level was observed in dfc on the 0.3 N medium during early seedling development, but this was not observed when N was sufficient (Fig. 4B) , indicating that the primary root growth regulated by NRT1.1 under N-limited conditions was also disturbed by the dfc mutation. Consequently, the differences in N utilization between dfc and the wild type could result in altered internal metabolite concentrations, gene expression, and responses to low-N stress; these results also indicated that the interference in N utilization became more serious under N-limited conditions in the dfc mutant.
Folate Metabolism Was Impaired Due to the dfc Mutation, and the Polyglutamylation Status of 5-M-THF and 5-F-THF Was Affected by Low-N Stress Differing from the electrochemical method for folate assays used in the studies by Mehrshahi et al. (2010) and Srivastava et al. (2011) , LC-MS was used to detect profiles of both various folate types and polyglutamylation status in dfc and the wild type under different N supply. When we compared the data for the folate species profiles and those for poly-Glu profiles, an interesting phenomenon was observed: in some cases, sums of Glu 1 through Glu 4 for 5-M-THF and 5-F-THF (extracted in methanol) were greater than the data for folate species under the same conditions. Given that we used methotrexate (MTX) as an external standard and that these two methods had different loss rates during sample preparation, it is hard to directly compare the data. For this reason, we focused on the proportions of these folylpolyglutamates and compared the data for dfc with those for the wild type.
When the function of the mitochondria-targeted FPGS isoform was disrupted, the profiles of both the folate types and polyglutamylation status differed from those in the wild type. The contents of 5-M-THF, 5-F-THF, and total folates in the dfc mutant were approximately one-half those in the wild type under both N conditions ( Fig. 8A ; Supplemental Table S3 ), indicating that the changes in folate levels are due to the mutation. Further analysis of 5-M-THF and 5-F-THF polyglutamylation revealed an increase in monopoly-Glu and a decrease in polyglutamylation in dfc when N was sufficient (Fig. 8, B and C; Supplemental Table S4 ).
These results indicate that folate metabolism was impaired and polyglutamylation status was perturbed due to the dfc mutation.
Differing from the enhanced dfc phenotypes under N limitation, the amounts of tetrahydrofolic acid (THF) and methylenetetrahydrofolate (5,10-CH 2 -THF) and the The folate species detected were as follows: THF, 5,10-methenyltetrahydrofolate (5,10-CH5THF), 5-M-THF, 5-F-THF, and dihydrofolate (DHF). Note that THF and 5,10-CH 2 -THF are grouped, and 10-formyl-THF (10-CHO-THF) and 5,10-CH5THF are grouped because the procedure used for folate analysis results in interconversions in these two pairs of folate species. B, Folate glutamylation profiles are shown as percentages of each class in the sum of the amount of folylpolyglutamates (5-M-THF-Glu n and 5-F-THF-Glu n ; n = 1-4). C, LC-MS relative peak areas of folylpolyglutamates (5-M-THF-Glu n and 5-F-THF-Glu n ; n = 5, 7, or 8) normalized to the levels of the wild type. Data are means 6 SD (n = 4), and each replicate consisted of 100 mg of pooled plant material. Black bars with single asterisks indicate significant differences at P , 0.05, and those with double asterisks indicate highly significant differences at P , 0.01 (Student's t test). FW, Fresh weight. similar folate composition ratio showed no response to low-N stress in either genotype ( Fig. 8A ; Supplemental  Table S3 ). This suggests that the alterations in N utilization and morphological phenotypes in dfc relied not on lower amounts of these cofactors but on their polyglutamylation status. However, we could not obtain standards for THF or 5,10-CH 2 -THF-Glu n (n = 2-8). Also, the THF and 5,10-CH 2 -THF pools were too small to investigate. It is difficult to evaluate interrelations between polyglutamylation levels and dfc phenotypes under N limitation by only analyzing Gly oxidation status in the mutant. Figure 9 . Effects of elevated CO 2 on wild-type (WT; white bars), dfc (black bars), and DFC complementation (gray bars) seedlings on 0.3 or 9.4 N medium. A, The primary root length of seedlings under N-limited conditions with ambient air or elevated CO 2 . B, Wild-type, dfc, and DFC complementation seedlings grown on the 0.3 N medium for 9 d with elevated CO 2 . C, Total free amino acid contents of 12-d-old seedlings on 0.3 or 9.4 N medium with elevated CO 2 . D, Contents of some individual amino acids in 12-d-old seedlings on the 9.4 N medium with elevated CO 2 . E, Contents of some individual amino acids in 12-d-old seedlings on the 0.3 N medium with elevated CO 2 . F, The percentage of each folate in the sum of the amount of folylpolyglutamates (5-M-THF-Glu n and 5-F-THF-Glu n ; n = 1-4) in 12-d-old seedlings on 0.3 or 9.4 N medium with elevated CO 2 . Data are means 6 SD (n = 4), and each replicate consisted of a pool of 30 to 50 plants. Black bars with single asterisks indicate significant differences at P , 0.05, and those with double asterisks indicate highly significant differences at P , 0. Interestingly, low-N stress did influence folate metabolism, and the responses in dfc and the wild type were different. First, low N decreased the expression of most of the genes involved in folate synthesis and C1 units in both dfc and the wild type, but there were some exceptions in dfc. Specifically, the transcript levels of MTHFR2 and MS2 at day 9 and DFB at day 2 were much higher (Fig. 7) , implying that reactions that use folates as cofactors may have been disturbed due to the dfc mutation under N-limited conditions. A higher expression of DFB, which encodes the plastically targeted FPGS isoform, was observed in 2-d-old dfc compared with the wild type under N-limited conditions, but it later disappeared. This result indicates that the plastidial FPGS isoform (DFB) could have a compensating effect on folate polyglutamylation in the dfc mutant (Fig. 7, A and B) . Second, higher proportions of 5-M-THF-Glu 3 and 5-F-THF-Glu 3 were induced under N-limited conditions in both dfc and the wild type, and the percentage of 5-M-THF-Glu in dfc was always one-half that in the wild type, either with or without elevated CO 2 (Figs. 8B and 9F) . These observations suggest a special demand for folates with Glu tails in plants adapting to low-N stress (Fig. 8B) . Third, the varied proportions of 5-M-THF-Glu 1 and 5-F-THF-Glu 1 under both N conditions, either with or without elevated CO 2 , were not consistent with the dfc phenotype under N limitation or the recovery with elevated CO 2 , indicating that the altered polyglutamylation pattern of those as yet uncharacterized species may be the cause of dfc phenotypes in response to low-N stress.
Photorespiration Is Probably a Link between Folate Metabolism and N Metabolism
Several plant metabolic processes have a requirement for long-chain-length folate poly-Glu residues (Mehrshahi et al., 2010) . Arabidopsis Met synthase uses poly-Glu but not mono-Glu 5-M-THF to catalyze the methylation of homo-Cys to produce Met (Ravanel et al., 2004) . Photorespiration also involves folate-dependent fluxes in C3 plants (Hanson and Roje, 2001) . During photorespiration, the GDC complex catalyzes the conversion of Gly to 5,10-CH 2 -THF, which then acts as a C1 donor for Ser synthesis, a reaction catalyzed by SHMT. GDC releases ammonia, CO 2 , and 5,10-CH 2 -THF during photorespiration by catalyzing the oxidative decarboxylation of Gly to form Ser. To avoid toxic NH 4 + accumulation and to prevent N loss through volatilization, photosynthetic plant cells must reassimilate the ammonia through the GS/ GOGAT cycle in chloroplasts (Siedow and Day, 2000) . Photorespiration, the tricarboxylic acid cycle, and C/N metabolism are tightly coordinated through N assimilation in plants to sustain optimal growth and development (Zheng, 2009) . As folate poly-Glu residues are the preferred substrates for both GDC and SHMT, FPGS activity could indirectly play an important role in photorespiration (Besson et al., 1993) .
Folates are known to be involved in the Gly-to-Ser transition during photorespiration. For example, the level of Gly was decreased slightly in the wild type as plant photorespiration was inhibited, but the Gly-to-Ser transition in folate synthesis mutants was accompanied by the accumulation of Gly in ambient air, such as the 5-fcl mutant and the 10-fromyl-tetrahydrofolate deformylases double-knockout (dKO) mutant, and a nonphotorespiration condition (elevated CO 2 ) decreased their Gly levels and Gly-Ser ratios (Goyer et al., 2005; Collakova et al., 2008) . Similar Gly level and Gly-Ser ratio phenotypes were observed in dfc in this study. Elevated CO 2 suppressed the accumulated Gly and lowered the Gly-Ser ratio in dfc under both N conditions (Figs. 6, B and C, and 9, D and E). This was accompanied by the rescue of dfc phenotypes under N-limited conditions, such as short primary roots and anthocyanin accumulation in seedlings (Fig. 9, A and B) , indicating that impaired photorespiration (Gly-to-Ser transition) could be related to growth defects in the mutant under N-limited conditions.
The dfc mutant had some features in common with photorespiratory mutants, such as shm1 and dKO, which are mutants with respect to their profiles of soluble sugars and free amino acids, including decreased Glc and Fru, increased Gly, and decreased Glu and Asp, when N was sufficient (Figs. 3, C and D, and 6B; Collakova et al., 2008) , although dfc did not display phenotypes typical of photorespiratory mutants. When N was sufficient, the elevated CO 2 recovered the polyglutamylation status of 5-M-THF and 5-F-THF and most of the individual amino acid contents in dfc (Fig. 9 , D and F; Supplemental Table  S3 ). However, levels of N-storage amino acids, such as Gln and Asn, remained less than one-half of those in the wild type under N-limited conditions, although the Glyto-Ser transition was greatly improved (Fig. 9E ). This implies that DFC may have a role in other biochemical processes besides photorespiration and may participate in N metabolism. Interestingly, when the differences in the percentages of 5-M-THF-Glu 1 and 5-F-THF-Glu 1 between dfc and the wild type were enlarged (Figs. 8B, left panel, and 9F, right panel), the levels of total and most individual amino acids in the dfc were much lower than in the wild type ( Supplemental Tables S2 and S5 ), indicating that there may be a negative correlation between the polyglutamylation levels of 5-M-THF and 5-F-THF and the differences between dfc and the wild type in most of the amino acid profiles (Figs. 6, B and C, 8B, and 9, D-F).
Levels of most individual amino acids were lower in the dfc mutant than in the wild type under sufficient N supply, and the total free amino acid level was about 20% higher than that in the wild type under N-limited conditions, with Gly being the most affected ( Fig. 6 ; Supplemental Table S2 ). This was different from findings with respiration mutants such as cytoplasmic male sterile tobacco (Nicotiana sylvestris) and onset of leaf death5, which contain elevated total free amino acid levels and little accumulation of Gly and Ser (Dutilleul et al., 2005; Schippers et al., 2008) . Such a difference suggests that the mechanism underlying the altered N utilization in the dfc mutant is probably different from that in respiration mutants.
Taken together, these genetic data suggest that an intact folate synthesis pathway is required for correct N utilization in plants. The dfc mutation leads to an alteration in N utilization and variation in folate profiles, which are enhanced under low-N stress, and the variation in folylpolyglutamates in the dfc could impact N metabolism through defective photorespiration. Although the functional characterization of the dfc mutant indicates that an intact folate synthesis pathway is required for correct N utilization in plants, the underlying mechanism through which DFC affects N metabolism awaits further detailed investigations. Murashige and Skoog, 1962) . All wild-type, dfc mutant, and DFC complementation seedlings were grown on the same plate, and whole seedlings were harvested, frozen in liquid N 2 , and stored at 280°C until use. We first conducted experiments to determine the optimal nutrientlimiting conditions for Arabidopsis. Plants were grown on the plates without one of the following nutrients: sulfur, phosphorus, C, and N. Then, plants were also grown at different levels of C or N. The concentrations of supplementary C and N are expressed as millimolar; 1 mM Suc and 1 mM NO 3 2 are designated as 1 C and 1 N, respectively. 30 C was chosen for all subsequent experiments, 0.3 N was chosen for an N-limited condition, and 9.4 N was chosen as an N-sufficient condition. Potassium level was balanced with potassium chloride to maintain 9.4 mM potassium. In the experiments at various CO 2 levels, seedlings were grown under both N conditions for 2 weeks in either ambient air (400 mmol CO 2 mol 21 ) or under an elevated CO 2 condition (4,000 mmol CO 2 mol 21 ). CO 2 levels were monitored with a Senseair CO 2 sensor (www.senseair.se).
MATERIALS AND METHODS
Plant Growth Conditions
Identification of the dfc Mutant and DFC Complementation Transformation
The SALK_008883 T-DNA insertion line was obtained from the Arabidopsis Biological Resource Center. T-DNA genotypes were confirmed with PCR using the gene-specific primers LP and RP or a T-DNA-specific primer (LBa1) and RP. After confirmation, the SALK_008883 T-DNA line was designated as the dfc mutant. For reverse transcription (RT)-PCR analysis, the DFC primers ahead of the T-DNA insertion were A and B, those spanning the T-DNA insertion site were C and D, and the ACTIN2 (ACT2) primers were ACTIN2-F and ACTIN2-R.
A 6,147-bp genomic DNA fragment containing the 1,448-bp promoter fragment ahead of the ATG and DFC (AT3G10160) genomic DNA sequences was amplified and cloned into the binary vector pHWG for molecular complementation (Karimi et al., 2002; Curtis and Grossniklaus, 2003) . The construct was introduced into dfc plants using the floral dipping method (Clough and Bent, 1998) . DFC complementation-transformed plants were screened on one-half-strength MS plates containing 25 mg L 21 hygromycin B and identified with PCR-based genotyping using the primer pairs HYG-LP and HYG-RP for the transgene, LP and RP for the wild-type genomic locus, and LBa1 and RP for the T-DNA insert locus in separate PCR procedures. All primers used in the study are listed in Supplemental Table S6 .
Real-Time RT-PCR Expression Analysis
Total RNA was isolated from whole seedlings using Trizol reagent (Invitrogen; www.invitrogen.com). To eliminate any residual genomic DNA, total RNA was treated with RNase-free DNase I (New England Biolabs; www. neb.com) and used to synthesize first-strand complementary DNA (cDNA) using the RevertAid First Strand cDNA Synthesis kit (Fermentas; www. thermoscientificbio.com/fermentas/?redirect=true). ACT2 primers were used to detect genomic DNA contamination. Primer premier 5.0 (www.premierbiosoft. com) was used to design the primers.
Relative quantification values for each target gene were calculated by the 2 -DDCT method (Livak and Schmittgen, 2001) using ACT2 as an internal reference gene to compare data from different PCR runs or cDNA samples. To ensure the validity of the 2 -DDCT method, 3-fold serial dilutions of cDNA from control Arabidopsis plants were used to create standard curves, and the amplification efficiencies of the target and reference genes were approximately equal (Livak and Schmittgen, 2001) . Expression of most of the genes was also confirmed by real-time relative quantitative RT-PCR using ACT2 as an internal control. Real-time relative quantitative RT-PCR analysis provided relative changes in gene expression, with the control treatment (9.4 N in wild-type seedlings) normalized to a value of 1. To compare the DFA, DFB, DFC, and DFD transcripts, the results given are percentages of the level of mRNA for the UBC gene (At5g25760). Data were statistically analyzed using Student's t test. The results shown are representative of three independent experiments, and within each experiment, treatments were replicated three times, unless otherwise stated.
Measurement of Folate Profiles in Arabidopsis Seedlings
The following folates were purchased from Schircks Laboratories (www.schircks. com): 5-methyltetrahydrofolate, THF, 5-F-THF, 5,10-methenyltetrahydrofolate, dihydrofolate, 5-M-THF-Glu n , and 5-F-THF-Glu n (n = 1-4). Folic acid and MTX were purchased from Sigma (www.sigmaaldrich.com).
The preparation of samples for folate composition was carried out according to Zhang et al. (2005) with minor modifications. About 0.1 g of plant material (fresh weight) after 12 d of growth on the medium was ground to a fine powder in liquid N. The powder was transferred to a 1.5-mL tube, and 0.5 mL of extraction buffer (0.05 M phosphate buffer containing 1.0% ascorbic acid and 0.1% 2-mercaptoethanol, pH 6.5; freshly prepared) and 0.1 mL of the 10 mg mL 21 external standard (MTX) solution was added. The capped tube was placed at 100°C for 10 min (inhibition of enzymatic interconversion) and flash cooled on ice for another 10 min. Primary centrifugation was at 13,000 rpm for 10 min. The supernatant was transferred to a new tube, and then another 0.5 mL of extraction buffer was added to the pellet. The capped tube was placed at 100°C for 10 min (inhibition of enzymatic interconversion) and again flash cooled on ice for another 10 min. After centrifugation, the supernatants were combined. For deconjugation of polyglutamylated folates, 12 mL of rat serum was added to the extraction solution, which was then incubated at 37°C for 4 h. An additional treatment of 10 min at 100°C was carried out, followed by cooling on ice and centrifugation. The supernatant at the bottom of the centrifuge tube was then ready for LC-MS analysis. All sample preparation manipulations were carried out under subdued lighting.
The HPLC system was a TSQ Quantum LC-MS apparatus (Thermo Scientific; www.thermo.com) including a quaternary pump (flow rate of 0.2 mL min 21 ), an autosampler with column oven, and a degasser and electrospray ionization apparatus. The needle wash solvent was a mixture of methanol and water (50:50, v/v). A Zorbax RP-C18 column (2.1 mm 3 100 mm i.d.; octadecylsilyl, 3.5-mm particle size [Agilent; www.home.agilent. com]) was used for all analyses. The mobile phase consisted of eluent A (0.1% formic acid in water) and eluent B (0.1% formic acid in acetonitrile). The starting eluent was 95% A and 5% B. The proportion of B was increased linearly to 10% over 3 min and then to 80% over 4 min. The proportion of B was then increased immediately to 100% and held for 3 min. The mobile phase was then immediately adjusted to its initial composition and held for 12 min in order to reequilibrate the column. The injection volume was 12 mL. The column was kept at 25°C in a column oven. The autosampler (kept at 4°C) was equipped with a black door to avoid exposing the sample to light. Under these conditions, the retention times for 5,10-methenyltetrahydrofolate, THF, 5-M-THF, MTX, folic acid, 5-F-THF, and dihydrofolate were 0. 86, 2.56, 3.13, 10.61, 11.29, 11.36, and 11.49 min, respectively. Sample preparation for the folylpolyglutamates of 5-M-THF-Glu n and 5-F-THF-Glu n (n = 1-4, 5, 7, and 8) was carried out as follows (Garratt et al., 2005; Lu et al., 2007) . About 0.1 g of plant material (fresh weight) after 12 d of growth on the medium was ground to a fine powder in liquid N. The powder was transferred to an ice-cold 1.5-mL tube containing 0.25 mL of extraction buffer (50:50 methanol:water, 0.1% ascorbic acid, and 0.8% 2-mercaptoethanol, pH 6.0; freshly prepared, ice cold). The capped tube was centrifuged at 4°C and 13,000 rpm for 10 min. The supernatant was transferred to a new amber tube and centrifuged again. After centrifugation, 10 mL of MTX (500 ng mL 21 ) was added to 100 mL of supernatant, and the supernatant was ready for LC-MS analysis. All sample preparation manipulations were carried out under subdued lighting.
The needle wash solvent was a mixture of methanol and water (50:50, v/v). A Zorbax RP-C18 column (2.1 mm 3 50 mm i.d.; octadecylsilyl, 3.5-mm particle size) from Agilent was used for all analyses. The mobile phase consisted of eluent A (0.1% formic acid in water) and eluent C (0.1% formic acid in acetonitrile). The starting eluent was 96% A and 4% C. The proportion of C was increased linearly to 19% over 1.5 min and then to 90% over 3.2 min. Eluent C was restored to 4% rapidly from 3.2 to 3.3 min. Then, the mobile phase was immediately adjusted to its initial composition and held for 12 min to reequilibrate the column. Injection volume was 6 mL. The column was maintained at 25°C in a column oven. The autosampler (kept at 4°C) was equipped with a black door to avoid exposing the samples to light.
The electrospray ionization source was operated in positive mode (4,800 V), and capillary temperature was maintained at 300°C. High-purity N served both as sheath and auxiliary gas and was set to 37 and 5 (arbitrary units), respectively. Argon (1.5 mTorr) was used as the collision-induced dissociation gas. Detection was carried out in the selected reaction monitoring mode. The mass spectroscopy transitions and fragmentation conditions selected for individual analytes are as follows: m/z 460.2→313 at 30 eV for 5-M-THF-Glu 1 , m/z 589.1→313 at 32 eV for 5-M-THF-Glu 2 , m/z 718.1→312.9 at 41 eV for 5-M-THF-Glu 3 , m/z 847.3→313.1 at 45 eV for 5-M-THF-Glu 4 , m/z 474.2→327.1 at 27 eV for 5-F-THF-Glu 1 , m/z 603.1→327 at 36 eV for 5-F-THF-Glu 2 , m/z 732→326.8 at 36 eV for 5-F-THF-Glu 3 , m/z 861.3→327 at 48 eV for 5-F-THF-Glu 4 , m/z 455→308 at 30 eV for MTX (external standard). The peak full width at half-maximum was set to 0.5 for both Q1 and Q3. The scan time for each analyte was 0.5 s. Under these conditions, the retention times of 5-M-THF-Glu 1 , 5-M-THF-Glu 2 , 5-M-THF-Glu 3 , 5-M-THF-Glu 4 , 5-F-THF-Glu 1 , 5-F-THF-Glu 2 , 5-F-THF-Glu 3 , 5-F-THF-Glu 4 , and MTX, were 1. 74, 2.83, 7.14, 7.67, 7.90, 7.96, 8.00, 8.19, and 8 .37 min, respectively. 5-M-THF-Glu n and 5-F-THF-Glu n (n = 5, 7, and 8) were analyzed using the predicted m/z, and the peak area was calculated and normalized to that of the wild type due to the lack of the standards. The predicted m/z values of 5-M-THF-Glu 5 , 5-M-THF-Glu 7 , 5-M-THF-Glu 8 , 5-F-THF-Glu 5 , 5-F-THF-Glu 7 , and 5-F-THF-Glu 8 used in this study were 976.2, 617.7, 682.2, 990.0, 624.7, and 689.2, respectively.
Biochemical Analysis
Whole seedlings from dfc and the wild type grown on 0.3 or 9.4 N medium for 12 d were harvested for the following biochemical analyses. Soluble proteins were extracted from the frozen seedling powder with 100 mM HEPES-KOH (pH 7.5) and 0.1% Triton X-100 and assayed using a commercial protein assay kit (Bio-Rad; www.bio-rad.com). Soluble sugar (Glc and Fru) and starch were extracted and assayed using a commercially available kit (Megazyme; www.megazyme.com). Chlorophyll and anthocyanin in the frozen leaf powder were extracted and assayed according to Peng et al. (2007b) . Free and total amino acids were analyzed with an ASI.KAUNER amino acid analyzer A200 (www.knauer.net). C and N contents were analyzed with a Perkin-Elmer 2400 Series II CHNS/O Elemental Analyzer (www.perkinelmer.com).
Measurement of NO 3 2 and NH 4 + Contents
Twelve-day-old seedlings were collected and immediately frozen in liquid N. Samples were boiled in water (20 mL g 21 fresh weight) and then frozen and thawed once to extract NO 3 2 . After filtering through a 0.2-mm polyvinylidene fluoride membrane (Millipore; www.millipore.com), the extracted NO 3 2 was reduced inline to NO 2 2 in a copperized cadmium column and determined as NO 2 2 . According to the Griess-Ilosvay reaction, NO 2 2 is diazotized with sulfanilamide and coupled with N-(1-naphthyl)-ethylenediamine dihydrochloride to form a purple-red azo dye monitored at 538 nm (Oliveira et al., 2007) . NH 4 + was measured according to Andrew et al. (1995) .
Antibody and Immunoblot Analysis
Anti-rabbit polyclonal antibodies were obtained from Agrisera (www. agrisera.com). For protein immunoblot analysis, 0.2 g of tissue was ground with liquid N and then homogenized in 200 mL of ice-cold 23 Laemmli buffer with minor changes (Laemmli, 1970) . The buffer consisted of 125 mM Tris-HCl, pH 8.0, 20% glycerol, 2% SDS, 2% 2-mercaptoethanol, and 1% protease inhibitor cocktail (Invitrogen; www.invitrogen.com). The homogenate was heated at 65°C for 20 min, centrifuged at 10,000g for 10 min, and the supernatant was collected. Ten micrograms of protein was analyzed by SDS-PAGE. Anti-NR, anti-GOGAT, anti-GS1, anti-GS2 and alkaline phosphatase-labeled anti-rabbit IgG antibodies were obtained from Agrisera and used at dilutions of 1:1,000, 1:1,000, 1:10,000, 1:5,000, and 1:5,000, respectively. Bands were detected using 5-bromo-4-chloro-3-indolyl phosphate/ nitroblue tetrazolium.
Extraction and NR and NiR Enzyme Activity Analysis
Whole 12-d-old seedlings (approximately 100 mg) were frozen in liquid N and ground with a mortar and pestle. The powdered tissues for NR analysis were added to 0.3 mL of extraction buffer (per 100 mg of tissue) containing 50 mM HEPES, pH 7.5, 1 mM EDTA, 10 mM MgCl 2 , 5 mM dithiothreitol, and 1% proteinase inhibitor (www.sigmaaldrich.com). The mixture was vortexed and then centrifuged at 14,000 rpm for 10 min at 4°C. The supernatant was used directly for NR assays with modifications to measure the increase in NO 2 2 in the assay mixture (Lea et al., 2006; Wang et al., 2010) . The assay mixture contained 50 mM HEPES, pH 7.5, 100 mM NADH, 5 mM KNO 3 , with 2 mM EDTA for NRmax or 5 mM MgCl 2 for NRact. The assay volume was 1 mL, assays were run at 30°C for 30 min, and activity was measured in crude extracts by determining NO 2 2 formation by adding 1% sulfanilamide and 0.02% N-(1-naphthyl)-ethylenediamine dihydrochloride. Absorbance was measured at 540 nm. NR enzyme activity was expressed as nmol of NO 2 2 formed per min per mg of protein. The powdered tissues for NiR analysis were added to 0.3 mL of extraction buffer (per 100 mg of tissue) containing 50 mM potassium phosphate buffer (pH 7.5), 1 mM EDTA, 10 mM 2-mercaptoethanol, 100 mM phenylmethanesulfonyl fluoride, and 5 mg of polyvinylpyrrolidone and then homogenized. The homogenate was centrifuged, and the supernatant (crude enzyme solution) was used for the NiR activity analysis. A blank sample, in which sulfanilamide was added prior to the extract, was used for background reading. NiR activity was assayed following Takahashi et al. (2001) , with modifications, to measure the decrease of NO 2 2 in the assay mixture. A 45-mL sample of the crude enzyme solution was transferred to a 1.5-mL centrifuge tube, and 195 mL of the assay solution containing 50 mM potassium phosphate buffer (pH 7.5), 1 mM NaNO 2 , and 1 mM methyl viologen was added. The reaction was started by adding 60 mL of 57.4 mM Na 2 S 2 O 4 in 290 mM NaHCO 3 (final Na 2 S 2 O 4 concentration in the assay solution, 11.5 mM), and the reaction was run for 5 min at 30°C. A 0.3-mL aliquot was transferred to a new tube containing 0.7 mL of water and mixed vigorously to stop the reaction, after which 1 mL of 1% (w/v) sulfanilamide in 3 N HCl and 1 mL of 0.02% (w/v) N-1-naphthylethylenediamine dihydrochloride were added. The absorbance of this mixture at 540 nm was measured. NiR enzyme activity was expressed as nmol of NO 2 2 used per min per mg of protein.
GS and GOGAT Enzyme Activity Analysis
For the assessment of total GS activities, freshly harvested samples (500 mg) were ground on ice with extraction buffer consisting of 100 mM Tris-HCl (pH 7.6), 1 mM MgCl 2 , 1 mM EDTA, and 10 mM 2-mercaptoethanol. Semisynthetase GS activity was assayed, with NH 2 OH used as an artificial substrate, by quantifying the formation of Glu g-monohydroxamate. The homogenates were centrifuged at 12,000g for 30 min at 4°C, and the supernatant was analyzed for total GS activities. Total leaf GS activity was measured in a preincubation assay buffer (30°C) consisting of 37.5 mM imidazole buffer (pH 7.0), 30 mM sodium Glu, 25 mM MgSO 4 , 10 mM NH 2 OH, and 30 mM ATP. The reaction was terminated after 15 min at 30°C by the addition of acidic FeCl 3 solution (88 mM FeCl 3 , 670 mM HCl, and 200 mM TCA). After allowing 10 min for the color development, the reaction mixture was centrifuged at 4,000g at room temperature for 10 min, and 2 mL of supernatant was then transferred from each well into a new tube. The A 540 was measured in a spectrophotometer quantification reader (O'Neal and Joy, 1973) . GS enzyme activity was expressed as mmol of Glu g-monohydroxamate formed per 15 min per mg of protein.
For the assessment of GOGAT activities, freshly harvested samples (100 mg) were ground on ice with extraction buffer consisting of 100 mM potassium phosphate buffer (pH 7.4), 1.28 mM EDTA, and 10 mM 2-mercaptoethanol. GOGAT activity was assayed by quantifying the formation of Glu and using NADH as the substrate. The reaction mixture consisted of 100 mM potassium phosphate buffer (pH 7.4), 10 mM Gln, 10 mM 2-oxoglutarate, 0.05 mM NADH, and extract. After a 5-min preincubation at 30°C, the reaction was started by adding the reductant solution (1.68 mg Na 2 S 2 O 4 and 3.48 mg of NaHCO 3 in 1 mL of reaction solution). After 15 min of incubation at 30°C, the reaction was terminated by heating to 98°C for 5 min. The Glu concentration was then determined using the ninhydrin reaction (Lancien et al., 2002) . GOGAT activity was expressed as mmol of Glu formed per min per mg of protein.
Sequence data from this article can be found in the Arabidopsis Genome Initiative or GenBank/EMBL databases under the following accession numbers: At3g10160 (DFC), At3g18780 (ACT2), At1g77760 (NIA1), At1g37130 (NIA2), At2g15620 (NIR), At5g53460 (GLT1), At5g04140 (GLU1), At5g37600 (GS1.1), At5g35630 (GS2), At1g12110 (NRT1.1), At1g08090 (NRT2.1), At2g14210 (ANR1), At5g41480 (DFA), At5g05980 (DFB), At3g55630 (DFD), At5g57850 (ADCL), At2g28880 (ADCS), At3g07270 (GTPCHI), At2g21550 (DHFR), At1g50480 (THFS), At4g17360 (FDF), At2g38660 (DHC), At2g44160 (MTHFR2), At5g13050 (5-FCL), At3g03780 (MS2), and At5g25760 (UBC).
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The following materials are available in the online version of this article.
Supplemental Figure S1 . Arabidopsis DFC locus and characterization of the dfc mutant.
Supplemental Figure S2 . Effects of the absence of sulfur, phosphorus, or C on the growth of wild-type, dfc, and DFC complementation seedlings, the germination percentage, the analysis of DFC complementation, and soluble protein concentrations of wild-type and dfc seeds. Supplemental Table S1 . Free amino acid profiles of wild-type, dfc, and DFC complementation seeds. Supplemental Table S2 . Free amino acid profiles of wild-type, dfc, and DFC complementation seedlings on 0.3 or 9.4 N medium in ambient air. Supplemental Table S3 . Profiles of total folate and various folate types of wild-type, dfc, and DFC complementation seedlings on 0.3 or 9.4 N medium in ambient air. Supplemental Table S4 . Profiles of 5-M-THF-Glu n and 5-F-THF-Glu n (n = 1-4) of wild-type and dfc seedlings on 0.3 or 9.4 N medium in ambient air or elevated CO 2 . Supplemental Table S5 . Free amino acid profiles of wild-type, dfc, and DFC complementation seedlings on 0.3 or 9.4 N medium under elevated CO 2 . Supplemental Table S6 . Primer sequences used for genotyping and gene expression analysis.
